In vivo small-animal imaging has an important role to play in preclinical studies. Photoacoustic tomography (PAT) is an emerging hybrid imaging modality that shows great potential for both preclinical and clinical applications. Conventional optical parametric oscillator-based PAT (OPO-PAT) systems are bulky and expensive and cannot provide high-speed imaging. Recently, pulsed-laser diodes (PLDs) have been successfully demonstrated as an alternative excitation source for PAT. Pulsed-laser diode PAT (PLD-PAT) has been successfully demonstrated for highspeed imaging on photoacoustic phantoms and biological tissues. This work provides a visualized experimental protocol for in vivo brain imaging using PLD-PAT. The protocol includes the compact PLD-PAT system configuration and its description, animal preparation for brain imaging, and a typical experimental procedure for 2D cross-sectional rat brain imaging. The PLD-PAT system is compact and cost-effective and can provide high-speed, high-quality imaging. Brain images collected in vivo at various scan speeds are presented.
Introduction
Photoacoustic tomography (PAT) is a hybrid imaging modality that has many applications in both clinical and preclinical studies 1, 2, 3, 4, 5 . In PAT, nanosecond laser pulses irradiate biological tissue. The absorption of incident light by the tissue chromophores leads to a local temperature rise, which then yields pressure waves emitted in the form of sound waves. An ultrasound detector collects the photoacoustic signals at various positions around the sample. The photoacoustic (PA) signals are reconstructed using various algorithms (such as a delay-and-sum algorithm) 6 to generate the photoacoustic image.
This hybrid imaging modality offers high-resolution, deep-tissue imaging and high optical absorption contrast 7, 8 . Recently, a ~12-cm imaging depth 9 was achieved in chicken breast tissue with the aid of a longer wavelength (~1,064 nm) and an exogenous contrast agent calledphosphorus phthalocyanine. This depth sensitivity is much higher than the depth sensitivity of other optical methods, such as confocal fluorescence microscopy, two-photon fluorescence microscopy, 10 optical coherence tomography, 11 etc. Using more than one wavelength, PAT can demonstrate structural and functional changes in organs. For many human diseases, small-animal models have been wellestablished 12, 13, 14, 15 . For the imaging of small animals, several modalities have been demonstrated. Out of all those approaches, PA imaging has gained attention rather quickly due to the advantages mentioned above. PAT has shown its potential for imaging blood vessels in the tissues and organs (i.e., heart, lungs, liver, eyes, spleen, brain, skin, spinal cord, kidney, etc.) of small animals 4, 16, 17, 18 . PAT is a well-established modality for small-animal brain imaging. PA waves are produced due to the light absorption by the chromophores, so multiple-wavelength PAT allows for the mapping of total hemoglobin concentration (HbT) and oxygen saturation (SO 2 ) 19, 20, 21, 22 . Brain neurovascular imaging was achieved with the aid of exogenous contrast agents 12, 23, 24 . PA modality can help to give a better understanding of brain health by providing information at the molecular and genetic levels.
For small-animal imaging, Nd : YAG/OPO lasers are widely used as PAT excitation sources. These lasers deliver ~5 ns near-infrared pulses with energy (~100 mJ at the OPO output window) at a ~10-Hz repetition rate 25 . The PA system equipped with such lasers is costly and bulky and allows for low-speed imaging with single-element ultrasound transducers (UST) due to the low repetition rate of the laser source. A typical Aline acquisition time in such PA systems is ~5 min per cross-section 25 . An imaging system with such a lengthy measurement time is not ideal for small-animal imaging, because it is difficult to control the physiological parameters for full-body imaging, time-resolved functional imaging, etc. By adopting multiple single-element USTs, array-based USTs, or a high-repetition-rate laser, it is possible to increase the imaging speed of PA systems. Using only one single-element UST to collect all PA signals around the sample will limit the imaging speed of the system. Multiple single-element USTs arranged in circular or semi-circular geometry are demonstrated for high-speed, highly sensitive imaging techniques. Arraybased USTs 26 . Such PLDs can improve the imaging speed of the PAT system, even with singleelement UST circular scanning geometry. Single-element USTs are less expensive and highly sensitive, unlike array-based USTs. Over the last decade, little research was reported on the use of high-repetition-rate PLDs as the excitation source for PA imaging. A fiber-based nearinfrared PLD was demonstrated for PA imaging of phantoms 28 . The in vivo imaging of blood vessels at a ~1 mm depth below the human skin was demonstrated using low-energy PLDs 29 . A PLD-based optical resolution photoacoustic microscope (ORPAM) was reported. Using PLDs, 1.5 cm deep imaging at a frame rate of 0.43 Hz was demonstrated 30 . Very recently, a PLD-PAT system was reported that provided images in as short as ~3 s and at a ~2 cm imaging depth in biological tissue 25, 31 . This study proved that such a low-cost, compact system can provide highquality images, even at high speeds. The PLD-PAT system can be used for high-frame-rate (7,000 fps) photoacoustic imaging, surficial blood vessel imaging, finger joint imaging, 2 cm-deep tissue imaging, small-animal brain imaging, etc. The single-wavelength and low-pulse-energy pulses from PLD limit its application to multi-spectral and deep-tissue imaging. Experiments have been carried out on small animals using the same PLD-PAT system used for pre-clinical applications. The purpose of this work is to provide the visualized experimental demonstration of the PLD-PAT system for in vivo 2D cross-sectional brain imaging of small animals.
Protocol
All animal experiments were performed according to the guidelines and regulations approved by the Institutional Animal Care and Use Committee of Nanyang Technological University, Singapore (Animal Protocol Number ARF-SBS/NIE-A0263). Figure 1a . Connect the PLD to the laser driver unit (LDU).
System Description

Mount the PLD inside the circular scanner, as shown in
NOTE: The PLD provides ~136-ns pulses at a wavelength of ~803 nm, with a maximum pulse energy of ~1.42 mJ and a repetition rate up to 7 kHz. The laser driving unit (LDU) includes: a temperature controller, a variable power supply, a power supply (12 V), and a function generator; see the Table of Materials. The variable power supply is used to control the laser power, and the function generator is used to change the repetition rate of the PLD. 2. Switch on the PLD laser. Set the PLD repetition rate to "7,000" Hz by using the function generator in the LDU. Increase the pulse energy to 1.42 mJ by setting the voltage of the variable power supply to "3.1" V. 3. Mount the optical diffuser (OD) in front of the PLD exit window to make the output beam homogenous, as shown in Figure 1a .
NOTE: Use a diffuser with a fine grit (i.e., 1,500-grit polish). 4. Mount the focused UST on the UST holder, such that it faces the center of the scanning area, as shown in Figure 1a .
NOTE: The central frequency of the UST is 2.25 MHz, and the focal length is 1.9 in. 5. Place the ultrasound detector inside the acrylic tank, as shown in Figure 1a . Fill the tank with water such that the UST is totally immersed.
NOTE: A water medium is used to couple the photoacoustic signal from the brain (sample) to the UST. An acrylic water tank (WT; see the Table of Materials) was custom-designed for small-animal imaging. The schematic of the water tank design is shown in Figure 1b . 6. Check the PA signal from the sample using a pulser/receiver unit (PRU; see the Table of Materials) .
NOTE: These signals were digitized by a 12-bit DAQ card (see the Table of Materials) at a 100 MS/s sampling rate and were saved on a computer.
Animal Preparation for Rat Brain Imaging
NOTE: The PLD-PAT system described above was demonstrated for imaging small animal brains. For these experiments, healthy female rats (see the Table of Materials) were used.
1. Anesthetize the animal by intraperitoneally injecting a cocktail of 2 mL of ketamine, 1 mL of xylazine, and 1 mL of saline (dosage of 0.2 mL/100 g). 2. Remove the fur on the scalp of the animal using a hair clipper. Gently apply hair removal cream to the shaved area for further depletion of the fur. 1. Remove the applied cream after 4-5 min using a cotton swab. 2. Apply artificial tear ointment to the eyes of the animal to prevent the dryness due to anesthesia and laser illumination.
3. Mount the custom-made animal holder (see the Table of Materials) equipped with a breathing mask (see the Table of Materials) on a labjack. 4. Place the animal in prone position on the holder. Secure it to the holder using surgical tape to avoid movement of the animal during imaging. 5. Ensure that the breathing mask covers the nose and mouth of the rat to deliver inhaled anesthetic.
In Vivo Rat Brain Imaging
1. Connect the breathing mask to the anesthesia machine. Switch on the anesthesia machine and set it to deliver 1.0 L/min of oxygen with 0.75% isoflurane.
1. Clamp the pulse oximeter to its tail to monitor the physiological condition of the animal.
2. Apply a layer of colorless ultrasound gel to the scalp of the rat. Adjust the lab-jack position to the center of the scanner. The breathing mask is customized to suit the imaging window. 10% of the commercially available nose cone is cut then connected to a piece of glove.
1. Adjust the height of the lab-jack manually so that the imaging plane is at the focus of the UST.
3. Set the parameters in the data acquisition software (see the Table of Materials) as required. Run the data acquisition software program to start acquisition (i.e., imaging). NOTE: The program is used to rotate the UST and collect A-line PA signals. The collected A-lines will be saved on the computer. 4. Observe the animal during the entire imaging period and proceed to PAT reconstruction after the imaging is complete. 5. After the data acquisition is over, reconstruct the cross-sectional brain image from the A-lines using the reconstruction software program. 6. Turn off the anesthesia system, remove the animal from the stage, return it to its cage, and monitor it until it regains consciousness. NOTE: For example, if the UST is rotated for 5 s, the PLD delivers 35,000 (= 5 x 7,000) pulses and the UST collects 35,000 A-lines. The 35,000 A-lines are reduced to 500 by averaging over 70 signals (after averaging A-lines = 35,000/70 = 500). Figure 1c illustrates the illumination of the laser pulses and A-line collection. A reconstruction program based on delay-and-sum back projection algorithm should be used. 
Representative Results
The in vivo brain imaging results that demonstrate the capabilities of the described PLD-PAT system are showcased in this section. To demonstrate the high-speed imaging capabilities of the PLD-PAT system, the in vivo brain imaging of two different healthy rats was performed. Figure 2 shows the brain images of a female rat (93 g) at various scan speeds. Figure 2a and b show the photographs of the rat brain before and after removing the scalp over the brain area. PAT imaging was done non-invasively (i.e., with the skin and skull intact). PA signals from the cross-section of the brain were collected by circularly rotating the UST for 5 s, 10 s, 20 s, and 30 s. Figure 2f . These results promise that the system can provide high-quality in vivo images, even at high scanning speeds. 
Discussion
This work presents a protocol for performing in vivo brain imaging on rats using a PLD-PAT system. The protocol includes a detailed description of the imaging system and its alignment, as well as an illustration of brain imaging on rats. The existing OPO-based PAT systems are expensive and bulky and can provide one cross-sectional image in 5-10 min. The PLD-PAT system is compact, portable, and low-cost and can provide good-quality images in 3 s. The performance of the system was previously studied in phantoms and compared with conventional PAT system 25 . Here, the same PLD-PAT was demonstrated for fast in vivo brain imaging. The outcome demonstrates that the system can provide high-quality in vivo images, even in 5 s.
While there are several advantages, the PLD-PAT system has several drawbacks. The PLD used in this study provides pulses at a single wavelength, so it cannot provide functional imaging, which requires multi-wavelength illumination. For functional imaging, a PLD with multiwavelength illumination capabilities is required. The low-energy PLD pulses limit the imaging depth. However, using an exogenous contrast agent, it is possible to enhance the imaging depth of the PLD-PAT system. Usually, the PLD laser beam is not uniform, so a suitable optical diffuser can be used in front of the laser window to improve the image quality. Make sure that the center of the laser beam and the center of the imaging area coincide. While scanning the UST around the brain, ensure that the UST always faces the scan center. When implementing the protocol, additional care needs to be taken: (a) the amount of anesthesia cocktail should be administered according to the weight of the animal; (b) the anesthesia injection must be precise so that the organs (e.g., the urinary bladder, intestine, and kidney) are not affected; (c) during the hair clipping, ensure that the scalp of the animal is not scratched; (d) the pressure of the water tank on the animal must be as minimal as possible; and (e) while positioning the animal under the scanner, make sure that the imaging cross-sectional plane of the brain is at the center of the UST. Future applications of the system include brain tumor imaging, imaging different organs in small animals, high-speed imaging in less than 5 s, investigating biomaterials for contrast agents, and therapy applications. Troubleshooting may be required if the image quality is low.
Laser safety for small-animal in vivo imaging
The maximum permissible exposure (MPE) limit for skin depends on several parameters, such as excitation wavelength, pulse width, time of exposure, illuminating area, etc. The MPE limits for in vivo imaging are governed by the American National Standards Institute (ANSI) 32 . In the 700 to 1,050 nm wavelength range, the energy density on the skin delivered by a single pulse should be less than 20 x 10 2(λ-700)/1,000 mJ/cm 2 (λ: excitation wavelength in nm). For the 803 nm PLD wavelength, the limit is ~31 mJ/cm 2 . If the laser is used continuously over a period of t = 5 s, then the MPE becomes 1.1 x 10 2(λ-700)/1000 × t 0.25 J/cm 2 (= 2.6 J/cm 2 ). In this experiment, the PLD was operated at 7,000 Hz. In a 5-s scan time, a total of 35,000 (5×7,000) pulses were delivered to the sample, so per pulse, the MPE was 0.07 mJ/cm 2 . In the described imaging system, the PLD delivers pulses with energy at ~1.05 mJ per pulse, and the laser beam was expanded over a ~12.6 cm 2 area. Hence, the laser energy density was ~0.08 mJ/cm 2 on the brain area. The ANSI laser safety limit of the PAT system can be changed by reducing the laser power, by expanding the laser beam, or by reducing the pulse repetition rate.
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